Plastic has become an essential part of our modern lifestyle and its global diffusion has led to a significant increase in the production of related waste, with obvious repercussions on the environment and on the entire sustainability chain. Recycling this kind of materials in the field of civil and industrial engineering is considered an ecological and economical solution due to the advantages it can offer. This paper represents the results of experimental investigations of mechanical strength, hygrothermal and durability properties of two kinds of products: urban tiles (90 % PVC powder and 10 % polyurethane resin) and cement-based mortars reinforced with PVC compound coming out of electric cable protective sheath. The manufactured mortars were obtained by the volumetric substitution of the sand with five different percentages of plastic waste, from 10 % to 50 %. Plastic aggregates reduce density, causing a decrease in flexural and compressive strength of mortars. Nevertheless, the presence of plastic aggregate leads to a significant improvement of thermal insulation and shows a greater resistance to capillary water absorption compared to the reference one. The mechanical tests after two different cycles of accelerated solar aging of urban tiles demonstrated the feasibility of its use for external flooring (green parking). These results foster future studies about the development of increasingly eco-sustainable building materials.
INTRODUCTION
Starting from the research carried out and published in the proceedings of the AIGE IIETA Congress on TI-IJES on June 2019 [1] , the following paper allows an extension of the considerations and the tests implemented in the previous study.
Energy sustainability and adaptation to climate change are today the founding elements of our community development policies.
A substantial growth in the consumption of plastic is observed all over the world in recent years, which also implies production of a big amount of plastic-related waste, which are non-biodegradable and represent a serious environmental threat to modern civilization [2] [3] [4] . Plastic is composed of several toxic chemicals that can pollute soil, air and water. Land-filling of plastic is also dangerous due to its slow degradation rate and bulky nature [5] .
Among polymeric waste particles, polyvinyl chloride (PVC) is a really interesting case [6] .
Since the 60s, PVC has been used in many products, and taking into account that its life is around 30-60 years, its waste is expected to increase in the future [7] .
As it is an organic hydrocarbon-based material, its high calorific value can be used for incineration or in other high temperature processes. But, burning of plastics releases a variety of poisonous chemicals into the air, including dioxins, one of the most toxic substances.
There are some studies on the PVC residues treating, by steam gasification or pyrolysis [8] , but it is clear that it does not exist an effective and appropriate way to recycle them.
However, they can also be considered as potential "raw second materials", with very advantageous characteristics in terms of conversion and reuse of shares of Gray Energy and GWp (emission of greenhouse gases), because they could effectively reduce the impact of outgoing CO2 and the waste amount to be sent to the landfill [9] .
So there is a pressing interest in the ways of recycling these residues in order to preserve natural resources and produce eco-friendly materials. Moreover, energy performance is becoming increasingly important, because of environmental restrictions and rising costs of fuel and energy. These issues have led to the development of appropriate alternative solutions, creating a fast growing sector in modern construction. For this reason, the reuse of PVC powder and granules for new civil engineering applications could be a feasible option for its disposal.
The present paper is focused on the secondary use of PVC compound (obtained from crushing electrical copper cables, whose envelopes are principally formed by such polymer) and its possible incorporation in two different typologies of prototypes: cement-based materials with no structural applications and improved hygro-thermal characteristics (PVC-mortar) and also elements for street furniture, components for anti-shock flooring and/or substrates for ecological islands (PVC-urban tile).
MATERIALS AND METHODS

PVC-mortar preparation and characterization
The waste materials used for the cement based samples came from operations carried out at R.ed.el srl that consist of the triturating of ''out of use" PVC copper cables (PVC-Cu) through a procedure that allowed the whole segregation of the conductive metal and the polymeric protective coating, producing completely disaggregated and heterogeneous mixture subsequently separated.
In addition to PVC-Cu, adequately sieved [10] , the cementitious mixture was composed from Portland cement CEM II/A-LL 32.5 R [11] , water at room temperature able to guarantee a water/cement ratio of 0.5, sand characterized by a particle size composition between 0 and 4 mm [12] . In order to find the best mix design for the composite material six types of mixtures were produced: the first one, considered as reference (REF), was made only with cement, sand and water, while the other five mixtures, indicated as PVC10, PVC20, PVC30, PVC40 and PVC50, presented a volumetric replacement of the silica aggregate [13] with PVC, respectively equal to 10, 20, 30, 40 and 50 %.
For the experimental tests two sample geometries were prepared: the first one used in order to study mechanical properties [14] and to make capillary water absorption tests (dimensions 160×40×40 mm); the second one to measure thermal conductivity (dimensions 29×29×2.45 mm) [15] . In the first phase curing of the mechanical tests specimens [1] was performed under conditions of constant temperature of 20 °C ± 2 °C and relative humidity of 95 % ± 5% and then they were taken from the moulds after 24 hours and placed in an environment with controlled humidity of 65 % ± 5 % and at a temperature of 20 °C ± 2 °C. A Dual Column Instron 3369 frame for mortar samples hardened after 28 days measured mechanical properties.
Thermal conductivity measurements [1] were performed through a heat flow meter in "single sample in a double configuration" (NETZSCH heat flow meter HFM 436/0/1). The specimens for the thermal test, after 28 days of hardening, were placed in an oven at a temperature of 60 °C until a constant mass was reached and then the density [16] was calculated, a parameter to be inserted before starting the test as an input in the Q-Lab software to calculate λ. The sample tested was placed between two plates placed at two different temperatures (ΔT=20 °C) with an average temperature of equilibrium of the tests set at 10 °C. Water absorption is a crucial property for construction materials, because influences its durability. Capillary water absorption coefficient was determined according to UNI EN 1015-18:2004 [17] . After 28 days of wet curing, the four long faces of the prismatic specimens were sealed with the paraffin and then they were broken into two halves.
After this step they were oven dried up to constant mass at 60 °C and finally immersed in a shallow bath of water at a temperature equal to 20 °C and at a depth of about 6 mm [1] .
Considering mass variation, the capillary absorption coefficient was calculated for all the investigated mortars using a procedure alternative [18] to UNI EN 1015-18:2004. In particular the uptake of water by capillary absorption was measured through the weight gain of each specimen at regular intervals of immersion (10, 30, 45, 90, 120 minutes). The equation used to model the absorption of water due to capillary action is the following:
where:
A [mg/mm 2 ] is the water absorbed by the area unit from the moment it is immersed in water;
S [mg/ (mm 2 × min 0.5 )] is the sorptivity of the material; t [minutes] is the elapsed time; a0 [mg/mm 2 ] is the water initially absorbed by the pores in contact with water.
PVC-tiles for external flooring
Specimen preparation
For the manufacturing of the urban PVC tiles a standard mix design was set, consisting of 90 % of PVC powder and 10 % of polyurethane resin.
These quantities have been fixed in order to obtain a density of the finished product as close as possible to the density of the reference one. This allowed us to focus attention on optimizing the conditions of pressure and surface temperature to be applied in the curing phase.
The preparation of the compound took place through the mixing of components consisting of the Secondary Raw Material of PVC powder and a thermosetting polyurethane resin. The mixing phase was carried out in three different steps to ensure a more homogeneous and uniform mix.
The polymerization phase was carried out using a double heating plate heat press. The process for the realization of the compound (Resin + PVC powder) and for the preparation of the formwork was standardized and repeated in the same way during all the test sets.
After some tests, the surface temperature of the two plates was set to a 120 °C, keeping the pressure stable around 50 bar, in order to avoid the problems of denaturation and degradation of the polyurethane resin.
In order to overcome the problems related to the detachment phase, a non-stick silicon-based device with micrometric dimensions (baking paper) was introduced into the system, which perfectly solved the problems of detachment of the specimen once curing was completed.
At the end of the curing phase the specimen was satisfactory both in terms of surface flaking, and in terms of density reached, and in terms of size (20×20 cm).
However, the final product maintained adequate mechanical strength and surface abrasion. From a 196×196×10.5 mm tile, 17 specimens were made for accelerated light stability and weathering tests, whose dimensions are shown in the following table. 
Correlation between artificial aging cycles and life of materials on work to optimize sunlight simulation
Most polymeric materials are subject to degradation or oxidation reactions when exposed to solar radiation. Among all the materials, polymers are the most sensitive to radiation damage [19] .
Figure 8. SOLAR BOX 1500E
To simulate solar radiation, a SOLARBOX 1500 E [20] was used, with a flooding system and a Xenon lamp that reproduces the spectral field between 290-800 nm and a radiant power of between 250 and 1000 W/m 2 , making it possible to simulate the entire solar spectrum. Radiant energy in the SOLARBOX is provided by a single superior air-cooled Xenon Lamp generating an irradiance level up to two times the sun one. Irradiance is the rate at which light energy falls onto the samples. A weathering tester must control irradiance if it is to achieve accurate and reproducible test results. SOLARBOX offers constant measurement and control of irradiance during every test, compensating for lamp and UV filter ageing via a closed loop irradiance narrow-band sensor control system. Irradiation uniformity is guaranteed by a parabolic reflector chamber with the Xenon Lamp in the focus, the best design for a reliable flat-bed xenon exposure system and very good agreement with rotating drum xenon exposures.
Heat in the natural environment comes from the infrared portion of natural sunlight. Temperature is another component of the end use environment, which plays a key role in material degradation and is continuously monitored and controlled by a B.S.T. (Black Standard Thermometer).
To develop an experimental campaign of accelerated aging it is necessary to understand which environmental stresses the object under study during its working life.
Being the artifact positioned in Calabria, the data of Southern Italy were used [21] .
The graph shows the daily solar radiation in an average year in southern Italy. The total incident solar radiation in an average year is 2387.34 MJ/m 2 .
The irradiance in the climatic chamber is equal to 1100 W/m 2 , so that every hour of aging yields 3.96 MJ/m 2 to the samples.
Therefore 600 hours of irradiance provide 2376 MJ/m 2 , which is the value similar to the solar radiation of an average year. The cycle had duration of 600 uninterrupted hours of exposure to the lamp, with a radiation power of 1100 W/m 2 on all the specimens. A 1 -5 specimens were subjected to an aging of 300 hours and then stored in the dark, while B 1 -5 specimens were subjected to the entire cycle of 600 hours.
RESULTS AND DISCUSSIONS
Mechanical tests
The flexural and compressive properties for PVC-mortar are presented. It is clear at a first sight that the higher the PVC contents the lower the values of strength [22] . 
Thermal tests
The thermal conductivity of mortar-plastic compounds samples with different amounts of added recycled PVC is presented. It can be seen that the higher the plastic content in the mixture, the lower the density and the thermal conductivity [23] .
In particular with PVC10 and PVC 50 there is a decrease of 6.5 % and 26 %, respectively, compared to mortar as it is.
Thermal conductivity λ10 [W/mK] and thermal resistance [m 2 K/W] were determined for each panel. It is very interesting to note that these materials show a remarkable combination of high thermal capacity and relatively low thermal conductivity. Thermal capacity is related with the ability of a material to damp the exterior temperature oscillations (in cold or hot climates) while thermal conductivity (or thermal resistance which is simply the sample thickness divided by conductivity value) measures the capacity of a material as thermal insulator.
This reduction of thermal conductivity values is a very impressive fact given that this adds value to the range of materials under study, so it is worth considering from where the decrease in thermal conductivity arises, in order to expand the test set with other combinations of aggregate as sand replacement.
Capillarity water absorption
Performing the average of the results obtained according to Eq. (1), the capillary adsorption coefficient is calculated by linear interpolation of the values of A and t 0.5 and the evaluation of the slope of the curve.
The next graph shows the values of the angular coefficient for each test/class of specimens and the value of R 2 calculated with the least squares method [1] .
We can see that increasing of plastic content samples led to a decrease of capillary pores and an increase of macroporous structure in the sample volume [24] . Moreover, the hydrophobic nature of polymeric aggregates contributes to slow down the capillary water absorption. As stated, such porous structure is advantageous also for thermal conductivity. 
Degradation of PVC by UV light
UV radiation causes photooxidative degradation, which results in breaking of the polymer chains, leading to deterioration of mechanical properties and useless materials, after an unpredictable time [25] .
Visual and colorimetric analysis
The visual analysis consisted in examining the photographs of the specimens, made by a Nikon D5300 reflex camera with a lens with a focal length of 50 mm. The photos were saved in RAW owner Nikon.
Figure 13. Comparison between not aged and aged specimens
There is a change in color between the non-aged reference specimens (REF 2 and REF 3) , compared to the aged ones, both regarding those subjected to the aging cycle of 600 hours (B2 and B3) and those subjected to the aging cycle of 300 hours (A2 and A3).
The colour becomes increasingly yellow due to the effect of UV radiation. The specimens, however, don't have defects such as cracks, delaminations, material detachments [26] .
The colorimetric analysis aims to carry out a quantitative measurement of colour. In the scientific literature various methods have been developed to carry out this measurement; each of these refers to a colour model [27] .
The most common models are the HSB (hue, saturation, brightness), the RGB (red, green, blue), the CMYK (cyan, magenta, yellow, black) and the CIE L*a*b*. In the analyses carried out on specimens the CIE L*a*b method was used [28] . On the specimens made, colorimetric analyses were performed with the X-Rite SP98 colorimeter at the end of each experimental accelerated aging test. For each specimen 5/7 points were chosen randomly and an average of the values measured with the L*a*b method was performed.
The L*a*b values measured for each specimen subjected to accelerated aging were compared with the values measured on the sample just manufactured.
The ΔE [29] , i.e. the difference between two colours, is the criterion for evaluating colour change.
The ΔE we used is that of 1994 which is defined [30] :
Figure 15. Expression and calculation of ΔE
The following table shows the average values of ΔE between the colours of the not aged samples with respect to the colour of the aged ones at different aging intervals. It is immediately evident that the colour variations increase with the aging time. 
Mechanical tests
Two types of mechanical tests were performed on the specimens: the flexibility test [31] and the flexural test [32] . The test equipment for both types of mechanical tests was the same used before, a Dual Column Instron 3369 frame. In the first case a 3-point flexural test accessory was used. The principle of the test consists in the deformation of the specimen with a cylinder with a curvature much greater than the thickness of the same, by means of a force centred between two fixed supports.
The central load is lowered on the specimen at a speed of 100 mm/min until it reaches 15 mm of lowering. All the specimens, both the non-aged and the aged ones, resisted to the deformation (except for one of the 600-hour specimens), presenting no breakage and/or surface cracking.
After the flexibility test all the whole specimens were subjected to the flexural test with a load at a constant speed of 10 N/s until breakage.
The following table shows the average load values at breakage of the specimens.
The flexural strength was calculated according to the Standard:
where, F is the load in N, l is the distance between the supports, b is the width of the specimen and d is the thickness. The flexural strength of the specimens decreases with the aging time. It should be noted that the mechanical resistance decreases in the first 300 hours (12 %) in a decidedly higher quantity than the subsequent 300 (5 %), a typical behaviour of most thermoplastic polymers subjected to solar aging [33] . 
CONCLUSIONS
End-of-waste PVC aggregates from electrical cables were managed according to the procedure described in the previous article [1] in a three-step process: recycling, grinding and sieving.
Starting from this second raw material, in addition to PVCmortar for lightweight building applications, a new experimental product was designed and manufactured: PVCurban tile for green parking.
PCV can be better utilized in one of the most consumed building construction material namely concrete instead of being transported to the landfill for the final disposal as an effort to reduce the environmental pollution caused by post consumer plastic wastes along with receiving the benefit of hygro-thermal and durability attributes.
Moreover, the main component of concrete is cement, that is not an environment friendly material because emits big amount of carbon dioxide (CO2) during production process: for each ton of cement clinker approximately we have the release of one ton of CO2 and other greenhouse gases (GHGs) to the atmosphere causing global warming.
It appears that all the mortars prepared by substitution of natural aggregate with recycled plastic one show a thermal conductivity coefficient lower than the reference mortar. The thermal conductivity of materials depends upon many factors, including material mixture proportioning, type of aggregate inclusions, density and porosity [34] . In particular porosity plays an important part in heat transfer, because the pores contain air, which has a thermal conductivity (0.024 W/mK) much lower than all the other components of the mortar. So mortars containing plastic aggregates will have better thermal insulation properties than convectional ones, which can be used to control heat loss from building during winter and heat gain during summer. This reduction of thermal conductivity is due also to the low density, which depends on one hand to the presence of plastic aggregates and on the other to the increased induced porosity. This is an interesting reduction in civil engineering field where the potential amount of materials needed is huge.
Even though the replacement of the siliceous aggregate with PVC residues leads to a decrease in mechanical properties (because of the very low binding strength between the surface of the plastic particles and the cement paste), opportunities in the use of these materials are not affected, especially for applications that do not required a structural function.
To obtain an explicit knowledge of the topic, future investigations should be oriented to the study of microstructure and of the durability performance of mortar containing plastic aggregates.
However, the reduction of water absorption by capillarity together with data existing in literature [35] indicate that the incorporation of various types of plastic aggregate can improve the permeability behavior of cement based composites make them more durable in the face of aggressive chemical attack and effect of weathering environment.
As regards to this aspect, one important objective of the work was to obtain general information regarding the degradation processes in external PVC floorings exposed to the UV-radiation, such as chain scission and colour change (yellowing). The mechanical behavior is affected by the macromolecular changes produced by the accelerated solar aging, as observed in the two kind of mechanical tests. Respect to the control one, after two cycles of artificial solar exposition, the material shows a decrease in resistance less than 12%, that is an acceptable range for the intended use.
All the test results showed good agreement with the observations made by other researchers worked with PVC, PET, PP, PE based recycled powder [36] .
These new ecological composites would appear to offer an attractive low-cost material with consistent properties; moreover, they do not involve high-energy consumption and recover the embodied energy of reused PVC, with beneficial effects regarding disposal of solid waste, reduction of raw material use and sustainable development.
NOMENCLATURE
F f d l maximum load applied, N flexural strength, N.mm -2 thickness of the specimen, mm distance between the axes of the support rollers, mm A t A S a0 capillarity water absorption coefficient, kg.m -2 .min -0.5 ) time, min water absorbed by the area unit from the moment it is immersed in water, mg.mm -2 material sorptivity, mg.mm -2 .min -0.5 water initially absorbed by the pores in contact with water, mg.mm -2 Greek symbols λ ΔT ΔE thermal conductivity, W.m -1 . K -1 temperature difference between the two faces of the test, K colour change coefficient
